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Introduction
Retinal pigment epithelial (RPE) tears [1] represent a complication of neovascular age-related macular degeneration (nAMD) [2] , a primary cause of blindness in elderly populations in developed countries. RPE tears develop RPE defect areas, leading to photoreceptor cell death and frequently resulting in devastating vision loss [3] . ere are no therapies clinically available for patients with RPE tears to date. However, RPE cell defects do not immediately cause irreversible photoreceptor disorder: photoreceptor cells can survive up to 325 days after RPE tear onset [4] . In the clinical course of certain RPE tear cases, resurfacing of RPE defect areas through cell proliferation and/or migration was observed [5] [6] [7] , and this remodeling preserved retinal function [8] .
Cell adhesion is a crucial regulator of cell migration, and vinculin is a core focal adhesion (FA) protein that localizes to cell-extracellular matrix (ECM) adhesion sites [9] . Vinculin activity governs FA protein recruitment and release, thus regulating cell adhesion strength [10] . Structurally, vinculin comprises head, neck, and tail domains; the head domain binds talin [11] , the main regulator of integrin activation, and the tail domain binds actin filaments [12] . Notably, vinculin-actin interaction affects cell adhesion: enhancing actomyosin contractility strengthens cell adhesion, whereas inhibiting actomyosin contractility, e.g., by using blebbistatin or Rho-associated coiled-coil containing kinase (ROCK) inhibitor, weakens cell adhesion in a vinculindependent manner [13] . Moreover, activated vinculinmutant cells and vinculin-deficient cells migrate slower and faster, respectively, than wild-type cells [10, 14] .
ROCK plays a critical role in actin stress fiber formation [15] and is expressed in ocular tissues, including the corneal epithelium and endothelium, trabecular meshwork, and ciliary muscle, and ROCK inhibitor Y27632 treatment enhances wound healing in corneal epithelial cells [16] , corneal endothelial cells [17] , and trabecular meshwork cells [18] .
Furthermore, Y27632 promotes RPE cell attachment, proliferation, and wound closure [19] . However, studies investigating ROCK inhibitor-induced RPE cell adhesion and motility are limited. In the present study, we investigated whether Y27632 promotes RPE cell migration during wound healing, with the aim being to evaluate Y27632 use as an RPE tear treatment.
Materials and Methods

Culture of Human RPE Cells.
Human fetal RPE cells were purchased from Lonza (Basel, Switzerland) and cultured on dishes coated with CELLstart (GIBCO, Carlsbad, CA, USA) in preconfluent medium (F10 (Sigma-Aldrich Corp., St. Louis, MO, USA) with 10% fetal bovine serum) before reaching confluence and in postconfluent medium (DMEM/F12 (7 : 3) supplemented with B27 (Invitrogen, Carlsbad, CA, USA), 2 mM L-glutamine (Sigma-Aldrich Corp.), 10 ng/mL basic fibroblast growth factor (Wako, Osaka, Japan), and SB431542 (0.5 μM, Sigma-Aldrich Corp.)) after reaching confluence. Human fetal RPE cells at Passage 4 were used for research and the medium was changed every 2-3 days. Cell division was inhibited by treatment with 10 μg/mL mitomycin C (Wako) for 6 hours. Cultured cells were recorded using a laser scanning confocal microscope (IX81; Olympus, Tokyo, Japan).
Cytotoxicity Assay.
e cell damage rate was measured by performing a lactate dehydrogenase (LDH) cytotoxicity test (Wako) following the manufacturer's instructions. ROCK inhibitor Y27632 was purchased from Wako. RPE cells in preconfluent medium were seeded at a density of 1.0 × 10 5 cells/cm 2 on 96-well plates, and preconfluent medium was switched to postconfluent medium for 2 weeks after confluence was reached. RPE cells were cultured in postconfluent medium with four different dilutions of Y27632 (0, 10, 100, and 1000 μM) for 24 hours, and culture supernatants were evaluated at 1 day after Y27632 administration (each n � 5). e absorbance of each supernatant treated with a chemiluminescent reagent was recorded using a multimode microplate reader (Varioskan ® ; ermo Scientific), and the cell damage rate was calculated with the following equation: cell damage rate (%) � ((sample absorbance) − (negative control absorbance))/((positive control absorbance) − (negative control absorbance)) × 100. e positive control was RPE supernatant treated with 0.2% Tween 20 for 45 min at 37°C.
Number of Viable Cells.
e number of viable cells was quantified using the CellTiter-Glo ® 2.0 Assay (Promega, Madison, WI, USA), following the manufacturer's instructions. In cell adhesion assays, RPE cells in preconfluent medium with and without 10 μM Y27632 were seeded at a density of 1.0 × 10 4 cells/cm 2 on 96-well plates, and the number of viable cells was measured at 2 and 24 hours after seeding (each n � 5). In cell proliferation assays, RPE cells in Y27632-free preconfluent medium were seeded (at 1.0 × 10 4 cells/cm 2 ) in 96-well plates, and at 24 hours after seeding, the culture medium was changed to preconfluent medium with and without 10 μM Y27632; cell viability was measured at 2, 3, and 7 days after seeding (each n � 5). At each time point, cells were washed twice with PBS and cultured in Y27632-free preconfluent medium at room temperature for 30 minutes, and then equal volumes of a chemiluminescent reagent were added. e luminescence in each well was recorded using a multimode microplate reader (Varioskan ® ) and standardized to the luminescence of the control.
Immunofluorescence Assays.
e methods used for RPE immunocytochemistry have been described previously [20] .
F-actin was stained with Alexa-Fluor ™ 594 phalloidin (1/40, ermo Fisher Scientific). Vinculin was detected with a primary antibody (rabbit, 1/50; ermo Fisher Scientific). Bound primary antibodies were detected with Alexa Fluor 488-labeled goat anti-rabbit IgG secondary antibodies (1/ 500, Invitrogen), and nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (1 μg/ml; Molecular Probes, ermo Fisher Scientific). In Hematoxylin-Eosin staining, porcine RPE-choroid-scleral fragments were fixed (SuperFix ® , Kurabo, Osaka, Japan), dehydrated, embedded in paraffin, and sectioned at 12 μm thickness using a microtome. e deparaffinized sections were hydrated with graded ethanol series, stained with Meyer's hematoxylin and eosin, dehydrated with graded ethanol series, and cleared by xylene before mounting. Samples were imaged using a laser scanning confocal microscope (LSM-700; Zeiss, Oberkochen, Germany). Cell spreading area and FA area were quantified using Fiji imaging software (ImageJ, NIH) from confocal images of phalloidin-or vinculin-stained RPE cells treated with and without 10 μM Y27632. Nonoverlapping RPE cells were selected manually. Cell surface area was calculated by using F-actin-staining area parameter processed using particle analysis (analyze particles command) after image thresholding based on F-actin signal (remove outliers command), size exclusion of noise pixels (subtract background command), and image binarization (make binary command) [21, 22] (each n ≥ 50). FA area was similarly extracted and calculated from vinculin staining areas (each n � 10).
Fluorescence-Activated Cell
Sorting. RPE cells treated with and without 10 μM Y27632 were washed twice with PBS and dissociated using Accutase (Funakoshi, Tokyo, Japan) for 15 minutes; the collected floating and adherent cells were resuspended, at 1.0 × 10 5 cells/500 μL, in PBS containing 2% FBS (each n � 5) and then incubated with Annexin V-FITC (Annexin V-FITC Kit System for Detection of Apoptosis; Beckman Coulter, Brea, CA, USA) for 15 minutes at room temperature in the dark and stained by 1 mg/mL propidium iodide (PI; 1 : 1000, Dojindo, Kumamoto, Japan) before assay. For cell cycle synchronization, RPE cells were cultured with 2.5 mM thymidine for 24 hours; synchronized cells were washed twice with PBS, cultured in the thymidine-free medium, and dissociated using 0.25% trypsin-EDTA 2, 4, 6, 8, 12, 16, 24, and 36 hours after block release. Lastly, cells were fixed in ethanol (overnight, −20°C) and incubated with RNase (30 minutes, 37°C) and then PI (10 minutes, 4°C). Stained RPE cells were passed through a cell strainer (BD, Franklin Lakes, NJ, USA), and cell profiles were analyzed on a FACSCanto ™ II flow cytometer (BD). e data were analyzed using FlowJo software (FlowJo, Ashland, OR, USA). Cosmo Bio, Tokyo, Japan), and 24 hours later, the wound healing plate inserts were gently removed. Next, RPE cells were cultured in preconfluent medium with and without 10 μM Y27632, and time-lapse imaging (BZ-X700; Keyence, Osaka, Japan) was used to record cells every 30 minutes (each n � 4); imaging sequences were used to produce wound healing movies and were imported into digital imaging software (Adobe Photoshop CS2, Adobe Systems Inc., San Jose, CA, USA). We manually outlined open wound fields between the RPE cells in imported images ( We traced 10 cells at wound edge using a tracking tool (BZ-X700; Keyence) until 8 hours after Y27632 administration, at which point RPE cells reached the opposite wound edge. Cell migration distance was obtained by adding actual measurement value of all migration distances (each n � 80). Cells that divided were excluded from the analysis. e porcine eyes were enucleated, made 3-4 holes with a 20 G needle, and placed in preconfluent medium. After transporting the porcine eyes to our laboratory, the porcine cornea, conjunctiva, iris, lens, vitreous, and sensory retina were removed. We then made 4 to 5 radial incisions from the edges to the equator of the retina to prepare RPE-choroid-scleral fragments. e porcine RPE cells were scraped by a silicone-tipped brush backflush needle, and the RPE-choroid-scleral fragments were transferred to the 12-well plates containing preconfluent medium with and without 10 μM Y27632, and 24 hours later, the RPE-choroid-scleral fragments were fixed (SuperFix ® ; Kurabo) for wound healing assay and Hematoxylin-Eosin staining. We confirmed that scraping by the brush backflush needle removes only porcine RPE cells (Figure 1(k) ).
Wound Healing
Statistical Analysis.
Values are expressed as means ± SEM; P < 0.05 was considered significant. Cell surface area, vinculin puncta area, number of viable cells, Annexin-V positive/PI negative rate, cell migration distance, and cell coverage rate were evaluated using the MannWhitney U-test. Cell damage rate and cell cycle phase ratio (G1, S, and G2/M) were analyzed by performing one-way analysis of variance (ANOVA) followed by Scheffe's test.
Results
Effect of Y27632 on RPE Cell
Morphology. At 10 μM, Y27632 treatment exhibited no obvious RPE cytotoxicity in morphological and LDH assay (Figures 2(a) and 2(b) ).
To elucidate the effect of Y27632 on actomyosin contractility of RPE cells, we seeded RPE cells in preconfluent medium with and without 10 μM Y27632, and 2 hours later, we measured the RPE cell spreading area as the actin-based cell surface area. 10 μM Y27632 substantially increased RPE cell spreading area by reducing actomyosin contractility (nontreatment: 2214 ± 203 μm 2 ; Y27632 treatment: 5961 ± 595 μm 2 ; Figures 2(c), 2(d), and 2(g)). Y27632 effect on RPE cell FA was evaluated using a vinculin-based morphological assay. We seeded RPE cells in preconfluent medium with and without 10 μM Y27632 and determined the mean size of vinculin puncta from immunofluorescence images acquired at 2 hours after seeding. 10 μM Y27632 treatment decreased RPE cell FA size by reducing actomyosin contractility (nontreatment: 3.65 ± 0.23 μm 2 ; Y27632 treatment: 0.66 ± 0.04 μm 2 ; Figures 2(e), 2(f ), and 2(h)).
Effect of Y27632 on the Number of RPE Cell Attachment.
Because Y27632 treatment decreased the size of puncta of vinculin 2 hours after Y27632 administration, which regulates cell adhesion strength, the number of attached cells was evaluated.
e attached RPE cells treated with and without 10 μM Y27632 were quantified using a luminescent cell viability assay.
e number of viable untreated and 10 μM Y27632-treated RPE cells at 2 hours after seeding was 20519 ± 152 and 23569 ± 673, respectively, with no significant differences (Figure 3(a) ). Similar results were obtained with RPE cells treated with mitomycin C to exclude the influence of cell division (Figure 3(b) ): viable cell numbers at 2 hours were, respectively, 14861 ± 596 for nontreatment and 18893 ± 292 cells for 10 μM Y27632 treatment, with no significant differences.
ese results indicated that 10 μM Y27632 treatment did not decrease the number of RPE cell attachment despite weakening RPE cell adhesion. Moreover, we measured the number of attached cells at 24 hr postseeding to clarify the influence on RPE cell adhesion by Y27632 administration. e number of viable untreated and 10 μM Y27632-treated RPE cells at 24 hours after seeding was 50904 ± 557 and 77317 ± 4201, respectively (Figure 3(c) ); therefore, 10 μM Y27632 treatment markedly promoted the number of attached cells at 24 hours after seeding. Previously, increasing cell spreading [23] and inhibiting actomyosin hyperactivation [24] were shown to lead to cell survival by suppressing apoptosis; thus, we examined the effect of Y27632 on RPE cell apoptosis. RPE cells in preconfluent medium with and without 10 μM Y27632 were seeded, and 24 hours later, floating and attached cells were quantified using Annexin-V/PI assay and flow cytometry; the obtained Annexin-V positive/PI negative rates were 11.3 ± 0.8% and 4.3 ± 0.9% for untreated and 10 μM Y27632-treated RPE cells, respectively (Figures 3(d)-3(f ) ). erefore, weakening RPE cell adhesion strength by 10 μM Y27632 administration did not reduce the number of RPE cell attachment, but the treatment potently increased the number of attached cells by suppression of RPE cell apoptosis.
Effect of Y27632 on RPE Cell Motility during Wound
Healing. We next investigated whether Y27632-induced vinculin downregulation promotes RPE cell motility during wound healing in vitro. After RPE cells reached confluence, we removed the inserts of 24-well wound healing assay plates, which left a 0.9 mm wide open wound field between cells (Figure 1(b), left figure) ; the culture medium was then changed to preconfluent medium with and without 10 μM Y27632, and the cells were imaged every 30 minutes. To evaluate the Y27632 effect on the cell motility, we tracked cells at wound edges in time-lapse imaging to measure cell migration distances up to 8 hours after 10 μM Y27632 administration, which were 98.9 ± 11.6 and 203.4 ± 11.2, respectively, for untreated and Y27632-treated RPE cells (Figures 1(a) and 1(b) ; Movies S1 and S2). To determine whether the increased cell motility enhanced wound healing, we measured the cell coverage percentage (cell-covered pixels in wound fields) every 4 hours (Figure 1(d), left  figure) . Coverage percentage increased over time with both untreated and Y27632-treated RPE cells ( Figure 1(d) ; Movies S3 and S4), with the percentages for Y27632-treated RPE cells being higher than those for untreated RPE cells at all time points (Figure 1(c) ). Here, by performing immunofluorescence imaging, we confirmed that Y27632 treatment downregulated vinculin in wound-adjacent RPE cells: 10 μM Y27632 reduced vinculin expression at both cell-cell adherens junctions and cell-ECM adhesions near wounds (Figures 1(e) and 1(f ) ). Vinculin was also similarly downregulated in RPE cells that were far from wound sites (Figures 1(g) and 1(h) ). We next investigated whether Y27632 enhances RPE wound healing ex vivo. After porcine eyes were enucleated, the porcine cornea, conjunctiva, iris, lens, vitreous, and sensory retina were removed; we then made 4 to 5 radial incisions to prepare RPE-choroid-scleral fragments. e porcine RPE cells were scraped by a siliconetipped brush backflush needle (Figure 1(k) ) and the RPEchoroid-scleral fragments were transferred to the 12-well plates containing preconfluent medium with and without 10 μM Y27632. Y27632 effect on RPE cell coverage percentage was evaluated using scleral autofluorescence-based imaging.
e mean cell coverage percentage from autofluorescence images were acquired at 24 hours after transfer, which were 10.0 ± 3.7 and 12.5 ± 2.3%, respectively, for untreated and Y27632-treated RPE cells (Figures 1(i) and  1(j) ).
Effect of Y27632 on RPE Cell Proliferation.
ROCK is an effector of Rho GTPases which were previously shown to regulate cell cycle progression [25] . Cell proliferation plays a critical role in wound healing; therefore, we investigated whether Y27632 promotes RPE cell proliferation. RPE cells were seeded in Y27632-free preconfluent medium, and after 1 day, the medium was changed to control and 10 μM Y27632-containing medium. e viable cell numbers were evaluated at 2, 3, and 7 days after seeding and were comparable between untreated and 10 μM Y27632-treated RPE cells (Figures 4(a) and 4(b) ). Moreover, we evaluated the cell cycle characteristics of synchronized RPE cells treated with and without 10 μM Y27632. e cell cycle in RPE was synchronized by single-thymidine block technique, which was comparable with the double-thymidine block technique (data not shown). Flow-cytometry analysis revealed that untreated and 10 μM Y27632-treated RPE cells were comparably distributed in distinct cell cycle phases before and at 2, 4, 6, 8, 12, 16, 24, and 32 hours after block release (Figure 4(d)) ; thus, 10 μM Y27632 did not influence RPE cell proliferation.
Discussion
Anti-VEGF therapy has drastically improved prognosis for nAMD patients and is used as a first-line treatment. However, the detection of RPE tears, which develop spontaneously [1] or after laser photocoagulation [26] , photodynamic therapy [27] , and anti-VEGF therapy [28] , has increased since anti-VEGF therapy introduction. Recently, most RPE tears have been reported as anti-VEGF therapy-associated complications, and a multicenter study reported a 16.8% incidence in 1280 eyes treated with anti-VEGF [29] ; thus, RPE tears are no longer considered a rare complication of AMD. Photoreceptor viability and the retinoid cycle depend on adhesion with RPE, and RPE tears lead to morphological disruption of this essential structure. When RPE tears involve the fovea, sudden-onset central vision loss occurs in most patients. Although RPE tears not involving the fovea do not cause sudden central vision loss, visual prognosis is poor in the patients due to progressive scarring of the fibrovascular tissue [3] . No standard RPE tear therapy exists even though RPE tears cause severe vision loss; therefore, new therapeutic methods must be developed to counter the increasing RPE tear incidence. In the imaging of fundus autofluorescence derived from lipofuscin density in RPE, the area of RPE tear shows a markedly reduced autofluorescence signal; the hypoautofluorescent area features a high-contrast boundary that is accurately distinguishable in the early stage but becomes hazier and less demarcated in the late stage. A previous animal study showed that RPE cells at debridement-zone edges repopulate from the edge to the center [30] . us, RPE at RPE tear borders naturally proliferate and/or migrate to defective RPE areas, and we hypothesized that enhancing RPE cell migration might represent a useful therapeutic approach. Cell migration mechanisms have been extensively studied, and Rho GTPases [31] play a pivotal role in regulating the biochemical pathways underlying cell migration. Rho, a member of the Ras GTPase superfamily, regulates actin cytoskeleton organization by activating downstream effectors that influence diverse aspects of cellular behavior, including cell morphology [32] , motility [33] , and polarity [34] . e Rho-associated kinases ROCK1 [35] (also known as p160ROCK [36] ) and ROCK2 [35] are Rho GTPase effectors belonging to the AGC family of Ser/ r kinases that play key roles in stress fiber formation by phosphorylating myosin light chain (MLC) and activating Lin11, Isl-1, and Mec-3 (LIM) kinase. MLC phosphorylation also activates myosin II ATPase, which results in stress fiber contraction. Stress fibers link FA proteins, including vinculin, and these proteins regulate cell adhesion strength through intracellular and extracellular mechanical tension. Cell adhesion strength is affected by vinculin-actin interaction: inhibition of stress fiber contractility by ROCK inhibitor treatment results in rapid vinculin release and accelerates cell migration by weakening cell adhesion strength. Our results showed that 10 μM Y27632 inhibited actomyosin contractility, which led to cell spreading (Figure 2 ), reduction in vinculin area (Figure 2 ), and prolonged cell migration distance (Figure 1) . Here, untreated RPE cells showed 50% wound coverage within 20 hours, but this coverage time was 40% of control (8 hours) after 10 μM Y27632 treatment. Confocal images of vinculin staining showed that Y27632 treatment downregulated vinculin size at both cell-cell adherens junction and cell-ECM adhesions of wound-adjacent RPE cells (Figure 1) . Vinculin downregulation at cell-cell adherens junction also helped RPE cell migration to wound areas. Previously, ROCK inhibitor treatment was shown to enhance wound healing in several ophthalmic cell types, including RPE, by promoting cell proliferation [15] [16] [17] [18] . In contrast, we found that Y27632 did not enhance the RPE cell proliferation (Figure 4 ). Other studies have demonstrated that Rho GTPase regulation of cell cycle progression mostly involves G1/S transition [24] and that ROCK inhibitor suppressed proliferation in several cell types by blocking G1/ S progression [37] [38] [39] . ese findings do not contradict the enhancing effects of cell proliferation on wound healing, but instead demonstrate that scenarios exist in which the cell cycle effects do not apply because cell proliferation depends on cell status, culture conditions, and apoptosis suppression by ROCK inhibitor. One limitation of this study is the efficacy of Y27632 in vivo; Y27632-induced RPE wound healing of ex vivo experiments was not improved as well as that of in vitro experiments. We showed that the coverage percentage of Y27632-treated RPE was 92.5% (control: 59.5%) at 24 hours in vitro, but this coverage percentage was 12.5% ex vivo (control: 10.0%). is difference can occur for the following reason: RPE cells in vitro migrated on dishes coated with laminin (CELLstart ® ), while RPE cells ex vivo migrated on Bruch membrane without RPE basement membrane obtained by brushing.
e previous study compared RPE resurfacing on the RPE basement membrane and inner collagen layer in human submacular Bruch's membrane explants and decreased RPE resurfacing of inner collagen layer explants compared with RPE basement membrane explants [40] . e rolled up RPE cells in RPE tear patients contained RPE basement membrane [41] , suggesting that Y27632 does not drastically improve RPE wound healing in the defected area in vivo. However, the porcine RPE cells used for the ex vivo experiments are from the cadaveric eyes, which are exposed to long-term hypoxic stress. e porcine eyes were acquired 2-3 hours after death and were placed in culture medium for 4 hours until RPE-choroid-scleral fragments were prepared. is condition could change the state of cells and decreased the efficacy of Y27632-induced RPE wound healing ex vivo. Another limitation of this study is the use of fetal RPE cells; AMD patients with RPE tears harbor a senescent retinal pigment epithelium. Here, 10 μM Y27632 notably enhanced wound healing in fetal RPE cells. Future studies must investigate how 10 μM Y27632 affects senescent RPE cells to assess the potential clinical application of this treatment. Regarding ROCK inhibitor safety, no severe systemic or local side effects were reported in clinical studies on eye drop treatments in healthy people and patients with corneal endothelial dysfunction [42] . Another ROCK inhibitor, ripasudil eye drop (K-115), is clinically applied to glaucoma [43] . e efficacy and safety of intravitreal injection of 10 μM Y27632 must be evaluated in animal experiments.
Conclusions
We report here that ROCK signaling inhibition by 10 μM Y27632 markedly promoted RPE cell motility, which resulted in enhanced wound healing. us, 10 μM Y27632 holds considerable potential for use in RPE tear therapy. We hope that ROCK inhibitor administration will lead to a new treatment for AMD patients with RPE tears.
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